The determining of the critical speed under train operation remains difficult due to the complex properties of the track, embankment and ground. In this paper, a dynamic analysis model comprising track, embankment and layered ground was proposed based on the two-and-half-dimensional (2.5D) finite elements combining with thin-layer elements to predict vibrations generated by train moving loads. The track structure is modeled as an Euler-Bernoulli beam resting on embankment. The train is treated as a series of moving axle loads; the embankment and ground are modeled by the 2.5D finite elements. The dynamic responses of the track structure and the ground under moving axle loads at various speeds are presented. The results show that the dynamic response of ground induced by moving constant loads is mostly dominated by train speed and the stiffness of the topsoil. The critical speed of a train moving on an embankment is higher than the Rayleigh wave velocity of the underlying soil, and softer soils results in lower overall critical speed of the system.
Introduction
As train speed increases, dynamic responses of railway track and ground along the railway line become more substantial. For a high-speed train running on soft soil, resonance may occur and consequently the dynamic responses of the track and ground are dramatically amplified. The speed at which extraordinarily large dynamic response occurs is named as the 'critical speed' (Costa, Calçada et al. 2010) . At the critical speed, train moving loads induce strong vibration in track structure, and increase the risk of train derailing and track structure damage. In 1998, an extensive measurement was undertaken by the Swedish State Railways on soft soil ground in Ledsgard (Kaynia, Madshus et al. 2000) . Which indicated that the vehicle and track generated significant vibrational resonance as the speed of the train was increased to 200 km/h. The maximum amplitude of track vibration reached 15mm-20 mm, which exceeds the safety limits of train operation.
Vibrations induced by traffic loads have been extensively studied, series of results have been achieved (Krylov 1995; Metrikine and Dieterman 1997; Jones, Sheng et al. 2000; Bian 2006; Zhou and Jiang 2006; Bian, Cheng et al. 2014) . Takemiya (Takemiya and Bian 2005) investigated the dynamic interactions between a track system comprising continuous rails and discrete sleepers, and the underlying viscoelastic layered half space ground, and compared differences in the results between the layered ground model and the Kelvin ground model. Galvin et al.(Galvin P 2010) proposed a general and fully three-dimensional multi-body-finite element-boundary element model to analyze the dynamic behavior of a transition zone between ballast track and slab track. Bian et al. (Bian X 2007) presented a finite element combined with a thin-layer element method to study dynamic track-ground dynamic interaction under train moving loads.
The majority of the aforementioned works used simplified beam-on-ground models to analyze the ground vibrations under train moving loads. Although these solutions could be used to understand the vibration generation mechanism under train moving loads, these methods are not able to deal with the complex track structures and ground soils. Determining the critical speed of train operation remains difficult due to the complex properties of the track, embankment and ground. Three-dimensional finite element models may be used to account for details of the track structure and ground. But its main disadvantage is very time-consuming (Bian X 2007; Zhai WM 2009; Galvin P 2010) al. (Bian, Cheng et al. 2014 ) used a 2.5D finite combined with thin-layer element to study ground vibrations induced by trains moving at various speeds.
In this paper, an elaborated 2.5D track-embankment-ground finite element model is established to study the dynamic response of track structure under a series of train wheel axle loads. Firstly, critical speed of this model under train operation has been determined. A parametric study is performed based on this model to study the influence of soil stiffness on the critical speed under train operation. Finally, some conclusions are presented.
2 Track-embankment-ground Interaction Model
In this paper we use a 2.5D finite element model combined with thin-layer element to study the dynamic response of the three-dimensional ground under train moving loads. First, the wavenumber transform with respect to the track direction is applied on the equations governing wave propagation.
Therefore, the vibration along the track direction is expressed by discrete wavenumber. The embankment and ground in the transversal-vertical section are discretized and modeled by 4-node quadrilateral elements with specific discrete wavenumbers. Each node of the element has three degrees of freedom allowing wave propagation in three-dimensional space to be taken into account faithfully.
Details about the derivation process can be found in (Bian, Cheng et al. 2014) . The ground is treated as a layer soft soil resting on a layer of stiff soil. The parameters of 2. There exists a critical speed in the track-embankment-ground system for the operation of a high-speed train. As the embankment and track structure have greater stiffness than that of the underlying ground soils, the critical speed is higher than the Rayleigh wave velocity of the upper layer soil.
3. No matter in soft soil or hard soil, the critical speeds are always larger than the Rayleigh wave velocity.
4. A softer soils results in lower overall critical speed of the system, which means reinforce of the soft soil foundation can also improve the critical speed of the track-embankment-ground.
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